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New  metastable  -type  Ti  alloys  for  biomedical  applications  containing  biocompatible  alloying  elements
such  as Nb can  present  remarkable  mechanical  behavior.  Whenever  the  performance  of an  implant
produced  from  -type  Ti alloys  is  considered,  it is crucial  to take  into  account  their  surface  proper-
ties  because  they  are  intimately  associated  with  osseo-integration.  The  osseo-integration  of  orthopedic
implant  devices  made  from  CP–Ti  to -type Ti alloys  depends  directly  on  the  properties  of  the  oxide  layer
formed  on  their  surface.  The  aim  of  this  study  was  to investigate  the  formation  of self-organized  TiO2
nanotubes  by  an  anodization  process  on  CP–Ti  and  Ti–35Nb  and  Ti–35Nb–4Sn  alloys  (wt.%)  and  analyze
the  effects of  Nb  and  Sn  additions  to  CP–Ti on  the  amorphous–anatase  and  anatase–rutile  phase  transfor-itanium alloys
iO2 nanotubes
mations  in  TiO2 nanotubes  using  glazing-angle  high-temperature  X-ray  diffraction.  The  results  obtained
suggest  that  the  crystallization  of  TiO2 formed  on CP-Ti  occurs  at 225 ◦C,  whereas  the  anatase–rutile  tran-
sition  occurs  at  400 ◦C. As Nb  was  added  to  Ti, the  temperatures  at  which  these  phase  transformations
occur  increased.  When  Sn was  added  to Ti–35Nb  alloy,  the  kinetics  of  the  phase  transformations  appeared
to  decrease.. Introduction
An interesting combination of properties, such as enhanced bio-
ompatibility, high corrosion resistance, good processability and,
specially, superior mechanical behavior, makes Ti and its alloys
idely employed in biomedical applications. Ti alloys represent
ne of the best classes of metallic materials used in the fabrication
f orthopedic implant devices [1,2].
The mechanical behavior of a particular Ti alloy depends directly
n its microstructure. By adding speciﬁc alloying elements and
pplying proper heat treatments, it becomes possible to achieve a
uitable combination of types, volume fractions and morphologies
f phases and hence mechanical properties for a given appli-
ation [3]. The manufacture of implant devices for hard tissue
epair requires materials with speciﬁc properties, including high
orrosion resistance, enhanced biocompatibility, high mechanical
trength and low elastic modulus. Although the needs related to
∗ Corresponding author. Tel.: +55 19 3521 3314; fax: +55 19 3289 3722.
E-mail addresses: caram@fem.unicamp.br, rubenscaram@gmail.com (R. Caram).
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169-4332/© 2014 Elsevier B.V. All rights reserved.© 2014  Elsevier  B.V.  All  rights  reserved.
biocompatibility, corrosion resistance and mechanical strength are
well known, the requirement of materials with a low elastic mod-
ulus arises from the ability to allow for the elastic deformation
of the bone tissue surrounding implant devices [1]. When sub-
mitted to mechanical stress, bone tissues suffer changes in their
internal architecture and their external shape. The absence or even
the reduction of mechanical loading might induce bone loss or
degeneration [4]. This phenomenon suggests that biomaterials to
be employed in hard tissue repair need to present a low Young’s
modulus [1].
With respect to biomaterials designed for implants devices, in
the past few years, most efforts associated with the development
of metallic materials to be used in hard tissue repair have focused
on metastable -type titanium alloys, prepared by the addition
of biocompatible alloying elements, particularly alloys contain-
ing Nb [5,6]. Depending on the composition and processing routes
employed, alloys of the Ti–Nb–Sn system can exhibit remarkable
mechanical behavior [7].
In addition to the intrinsic bulk material characteristics, the
performance of an implant device designed for hard tissue repair
depends strongly on the surface features of the device material,
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between the implant and the bone tissue provided by osteoblast
cells [15]. Inefﬁcient mechanical interaction between regenera-
ting tissue and an implant surface may  lead to the loosening of
the implant device [10]. Consequently, implant success is directlyFig. 1. (a) X-ray diffraction pattern and optical micrographs (OM
hich are directly related to the implant osseo-integration pro-
ess [8]. Cells in biological tissues, whose dimensions are on the
anometer scale, directly interact with and create nanostructured
xtra-cellular matrices. Interactions between implant biomateri-
ls and biological tissues are favored by a nanostructured surface
ecause such a surface may  stimulate cell growth and therefore tis-
ue regeneration [9,10]. Popat and co-authors have conﬁrmed the
bility of nanostructured surfaces to promote osteoblast differen-
iation and bone matrix production [10].
When Ti or Ti alloys are exposed to oxygen, a passivation layer
f TiO2 is rapidly formed on their surfaces. The controlled forma-
ion of TiO2 by potentiostatic anodization, which leads to nano- or
icro-roughness surfaces, provides bioactivity enhancement and
lso increases the probability of osseo-integration [11,12]. This
nodic layer exhibits a high surface-to-volume ratio, and litera-
ure results indicate a strong relationship between implant surface
haracteristics and bone growth [8].
The surface features of the titanium dioxide layer are directly
elated to its polymorphism. It is well known that TiO2 exhibits
hree different naturally occurring polymorphs, i.e., brookite, rutile
nd anatase, whose formation depends on the synthesis procedure
nd post-processing conditions employed [13].
According to Uchida and co-authors [14], compared to rutile,
natase is more effective in providing good conditions for nucleat-
ng hydroxyapatite on Ti implants. The reason for this more suitable
ehavior is possibly related to the lattice features of the anatase
hase and the hydroxyapatite phase. Implant osseo-integration
nvolves a competition between ﬁbroblast cells and osteoblast cellst-forged (b) CP–Ti, (c) Ti–35Nb and (d) Ti–35Nb–4Sn substrates.
[15]. Whereas smooth surfaces improve ﬁbroblast cell growth, nan-
otopographical surfaces favor osteoblast cell ﬁxation and growth
[8,10]. The growth of ﬁbrous tissue on an implant surface reduces
the possibility of forming a well-established and strong bondFig. 2. Current density vs. anodizing time for CP–Ti, Ti–35Nb and Ti–35Nb–4Sn
substrates anodized using 0.1 vol.% HF and a constant potential of 20 V.
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Fig. 3. (a) X-ray diffraction pattern of the amorphous oxide nanotubes formed on substrates of Ti–CP, Ti–35Nb and Ti–35Nb–4Sn alloys. Top-view and cross-sectional SEM
images  of nanotube layers formed by anodization in 0.1 HF at potentials of 20 V for 1 h on substrates of (b) CP–Ti, (c) Ti–35Nb and (d) Ti–35Nb–4Sn alloys.
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Fig. 4. X-ray diffraction patterns obtained during continuous heating and crystal-
lization of nanotube layer formed on CP–Ti.
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Fig. 5. X-ray diffraction patterns obtained during continuous heating and crystal-
lization of nanotube layer formed on Ti–35Nb substrate.
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Fig. 7. XPS high-resolution spectra of Nb3d tested on the surface of the nanotubeig. 6. X-ray diffraction patterns obtained during continuous heating and crystal-
ization of nanotube layer formed on Ti–35Nb–4Sn substrate.
elated to the implant’s ability to stimulate osseo-integration,
hich may  be improved by the formation of a layer of nano-
tructured TiO2 on the implant surface [16]. These nanostructures
ave features that enhance osteoblast activity (mononucleate cells
esponsible for bone formation), giving rise to cell differentiation
nd extracellular matrix production and enhancing proliferation,
ellular adhesion and, consequently, calcium deposition.
Therefore, the aim of this study was to investigate the forma-
ion of self-organized TiO2 nanotubes by an anodization process on
P–Ti, Ti–Nb and Ti–Nb–Sn alloys and analyze the effects of Nb and
n additions to Ti on the anatase–rutile transition in TiO2 nanotubes
sing high-temperature X-ray diffraction.
. Experimental procedure
Ingots of CP–Ti and Ti–35Nb and Ti–35Nb–4Sn alloys (wt.%)
ere arc melted using a water-cooled copper hearth and a
on-consumable tungsten electrode in an argon atmosphere. To
ssure high chemical homogeneity, the ingots of Ti–35Nb and
i–35Nb–4Sn alloys were remelted 10 times, submitted to a chem-
cal homogenization heat treatment at 1000 ◦C for 12 h under
n inert atmosphere and then furnace cooled. The CP–Ti and
i–35Nb and Ti–35Nb–4Sn samples were hot swaged at 1000 ◦C and
achined to obtain ∅10-mm cylindrical bars. These bars were cut
o produce discs measuring 1 mm in thickness, polished by using
iC sandpaper (1500 grit) and then cleaned with isopropyl alcohol
nd demineralized water in an ultrasonic bath. The samples were
ried using a dry nitrogen stream.
Highly ordered TiO2 nanotubes were grown using an anodiz-
ng process, which was carried out in an electrochemical cell with
wo electrodes, Pt foil as the counter electrode and a working elec-
rode consisting of samples of the CP–Ti and Ti alloys. The anodizing
olution consisted of a stirred aqueous solution of 0.1 vol.% HF,
nd anodizing was carried out for 1 h at room temperature. Thelayer of (a) Ti–35Nb and (b) Ti–35Nb–4Sn substrates and of Sn3d tested on the
surface of nanotube layer of (c) Ti–35Nb–4Sn substrate.
anodizing voltage was  increased from 0 V to 20 V at a constant
sweep rate of 2 V/min using an Autolab potentiostat/galvanostat,
model PGSTAT 30, coupled to a voltage multiplier, model ET-2042 C.
The voltage was then held constant at 20 V for 1 h.
Microstructure features of the substrates were analyzed by opti-
cal microscopy (OM) (Olympus BX60M). The TiO2 layers were
evaluated by scanning electron microscopy (SEM) (Zeiss EVO 15),
which allowed for the analysis of the layers’ morphological aspects
and nanotube length. X-ray diffraction (XRD) analyses were per-
formed to examine the substrate microstructure and to control
the crystallization process of the TiO2 nanotube amorphous layer.
Samples were heat-treated in a heating device coupled to an X-ray
diffractometer (Panalytical X’Pert diffractometer operating at 40 kV
and 30 mA,  CuK radiation,  = 0.15406 nm and Pixcel fast detec-
tor). To determine the crystallographic details of the TiO2 layer,
glazing-angle high-temperature X-ray diffraction (GAHTXRD) mea-
surements were performed with a glazing angle of 2◦. The samples
used in the GAHTXRD experiments were the same as those used
in the anodizing process (discs measuring 1 mm in thickness and
10 mm  in diameter). They were heated continuously in a Pt heater
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Fig. 9. X-ray diffraction patterns of nanotube layers containing approximately 100%ure in the TiO2 nanotubes formed on (a) Ti CP, (b) Ti–35Nb and (c) Ti–35Nb–4Sn
lloys.
rom room temperature to 1000 ◦C at a heating rate ranging from
 to 10 ◦C/min, depending on the temperature range. Because the
eater and sample temperatures typically differ slightly, an addi-
ional thermocouple was used to monitor the sample temperatures.
ach GAHTXRD scan covered a 2 range from 20◦ to 60◦. Each
ample’s temperature in each scan was taken as the average tem-
erature during that scan. The chemical binding energy on the
ample surface was analyzed by X-ray photoelectron spectroscopy
XPS) (VSW Scientiﬁc Instrument—HA100) in constant transmis-
ion mode, resulting in a line width for Au 4f7/2 of 1.6 eV. Electron
xcitation was carried out using Al K radiation (1486.6 eV).anatase on CP–Ti, Ti–35Nb and Ti–35Nb–4Sn after annealing heat treatment.
3. Results and discussion
The TiO2 nanotubes were obtained by electrochemical anodiza-
tion on the CP–Ti, Ti–35Nb and Ti–35Nb–4Sn substrates. The
nanotube crystal structure, morphology and dimensional param-
eters were analyzed by X-ray diffraction and scanning electron
microscopy. High temperature X-ray diffraction experiments were
employed to determine the phase transformation temperatures of
the nanostructured TiO2 layer. X-ray photoelectron spectroscopy
technique was applied to determine the chemical composition of
the nanotube layers.
Optical micrographs and X-ray patterns of the CP–Ti, Ti–35Nb
and Ti–35Nb–4Sn substrates after hot forging are shown in Fig. 1.
In the CP-Ti samples, the  phase was observed, demonstrat-
ing a serrated morphology. The micrographs of the Ti–35Nb and
Ti–35Nb–4Sn alloys revealed large deformed  grains, which are
consistent with the X-ray results obtained. The amount of  sta-
bilizer used as well as the applied rate of cooling from the initial
temperatures in the  phase ﬁeld were not sufﬁcient to produce
 phase precipitates detectable by the X-ray diffraction analyses.
However, optical microscopy evaluation conﬁrmed that a small
volume fraction of  phase was formed in the Ti–35Nb alloy.
Fig. 2 shows changes in the current density as a function of the
anodizing time. The current density presented high values during
the initial stage of immersion. It appears that there was a signiﬁ-
cant increase in the layer thickness, corresponding to passivation
behavior of the substrate (metal) [17]. The increase in the voltage
produced a high electric ﬁeld effect that induced the formation of
pits on the surface of the oxide. These pits acted as pore nucleation
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Fig. 10. SEM micrographs showing topographic and cross-section views of TiO2 nanotube layers with anatase structure on (a and b) CP–Ti, (c and d) Ti–35Nb and (e and f)
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si–35Nb–4Sn alloys.
enters to produce the nanotubes and caused the current density
alues to increase again [18].
The current density then decreased and reached a plateau, at
hich the thickness remained relatively unchanged, reaching an
quilibrium. This behavior can be explained by the presence of
uoride ions in the electrolyte during TiO2 nanotube formation,
hich resulted in two competing reactions. The ﬁrst reaction cor-
esponds to the hydrolysis of metal to allow for the formation of
he TiO2 layer. The other reaction is chemical dissolution at the
xide/electrolyte interface. Once an ordered nanotube structure is
stablished, the current density stabilizes [19].
After the anodizing process, the samples were submitted to X-
ay diffraction analysis using the glazing-angle mode, a method
ommonly employed in the evaluation of thin ﬁlms [20,21].
ig. 3 depicts the X-ray diffraction patterns and the morphological
spects of the nanotubes formed on CP–Ti and its alloys observed
sing SEM. According to the X-ray diffraction patterns shown in
ig. 3(a), only substrate diffraction peaks were observed.The topographic images shown in Fig. 3(b–d), regardless of the
ubstrate used, evidence the formation of nanotubular structures
n the surfaces of the CP–Ti and Ti–35Nb and Ti–35Nb–4Sn sub-
trates. However, the addition of Nb and Sn as alloying elementscaused changes in the spacing between the tubes walls. According
to Jang and co-authors, the growth of nanotubes is affected by the
addition of alloying elements to CP–Ti, and therefore, the compo-
sition of the oxides formed may  be a function of these additions
[22]. The use of substrates with different compositions leads to the
formation of a distinct metallic oxide, which exhibits differences in
dissolution rates. It is likely that the difference in nanotube density
is affected by the dissolution rate.
The average length of nanotubes formed on the CP–Ti substrate,
approximately 200 nm,  was  smaller than that of the nanotubes
formed on the Ti alloys. The nanotube oxide layer formed on the
Ti–35Nb and Ti–35Nb–4Sn substrates showed lengths between 820
and 970 nm.  Factors such as the electrolyte composition of the
anodizing solution directly affect the shape and thickness of the
nanotube layers. The inﬂuence of these factors was  evaluated by
Lee and co-authors [23]. They observed that the use of ﬂuoride-
containing electrolytes increases the current density during the
anodization process.Choe and co-authors [24] veriﬁed that the phase features in
a substrate’s microstructure affect the nucleation and growth of
nanotubes. The authors investigated the effect of a substrate’s
microstructure containing ,  or ” (orthorhombic martensite)
378 N.C. Verissimo et al. / Applied Surface
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aig. 11. X-ray diffraction patterns of nanotube layers with a mixture of anatase and
utile on CP–Ti, Ti–35Nb and Ti–35Nb–4Sn alloys after annealing heat treatment.
hases on nanotube formation on Ti–30Nb–xZr alloys immersed
n ﬂuoride-containing electrolytes and observed that nanotubes
hat formed on the  phase exhibited a regular array, whereas
n the  phase, nanotube formation was irregular. Finally, on ”
artensite, the authors observed nanotubes with elongated shapes
nd random diameters. Similar results were observed by Kim and
o-authors [25] regarding the effect of microstructure on nano-
ube formation. In this study, the thickness differences observed in
he TiO2 nanotube layers were determined to be associated with
ubstrate features. For instance, although the microstructure of
P–Ti was fully formed in the  phase, in the case of the Ti–Nb
nd Ti–Nb–Sn alloys, the  phase was the predominant phase. In
ddition, heat treatments could change the phase combination, and
rystal defects may  have assisted nanotube formation by acting as
eterogeneous nucleation sites [26].
However, in a recent study on the microstructural modiﬁcation
f a CP–Ti substrate by the roll-bonding process, Tsuchiya and co-
uthors [27] observed that the diameter and length of nanotubes
nd the degree of ordering of the nanostructured oxide layer were
ot affected by the grain size or the number of crystal defects. On
he other hand, they observed that the variation in the chemical
omposition and/or the anodic oxidation parameters had a stronger
ffect on the nanotube layer features [27,28].
The nanostructured oxide layer formed on the substrate sur-
ace is due to interactions between the metal and O2− or OH− ions
29]. Initially, this oxide layer exhibits an amorphous structure and
hus shows only diffraction peaks corresponding to the substrate
n X-ray diffraction patterns, as depicted in Fig. 2a. Heat treatments
pplied to this amorphous oxide layer result in the crystallization
f the TiO2 thin layer, transforming the amorphous layer into the
natase or rutile phase [30]. To study the effects of temperature Science 307 (2014) 372–381
and the Sn and Nb additions on the phase transformations of TiO2,
HTXRD experiments were carried out. The in-situ X-ray diffrac-
tion patterns of the CP–Ti samples submitted to heat treatment
are shown in Fig. 4. The patterns demonstrate that the nucleation
of the anatase polymorphic structure occurred at 225 ◦C, whereas
the TiO2 nanotubes formed on the Ti–35Nb and Ti–35Nb–4Sn sub-
strates showed crystallization temperatures of 295 ◦C and 390 ◦C,
respectively, as shown in Figs. 5 and 6.
The polymorphic phase transformation of anatase into rutile
was observed at temperatures close to 400 ◦C on CP–Ti, 560 ◦C
on Ti–35Nb alloy and 605 ◦C on Ti–35Nb–4Sn alloy. Compared
to the CP–Ti substrate, the Nb and Sn additions led to the for-
mation of microstructures composed essentially of the  phase,
affected the growth of the nanotube layer and changed the tem-
perature of the anatase–rutile phase transformation. The results
obtained from the HTXRD experiments indicate that Nb has an
anatase-stabilizing behavior; speciﬁcally, Nb led to an increase in
the anatase–rutile transition temperature. These results also show
that Sn addition improves the stabilizing effect of Nb, also increas-
ing the anatase–rutile phase transformation temperature.
In this work, the formation of Nb2O5 was detected by the
high-temperature X-ray diffraction experiments performed on the
Ti–35Nb and Ti–35Nb–4Sn alloys, which was conﬁrmed by chem-
ical composition analysis using X-ray photoelectron spectroscopy,
as shown in Fig. 7. On the Ti–35Nb alloy, the formation of Nb2O5
was conﬁrmed by the Nb3d3/2 peak at 209.6 eV and Nb3d5/2 peak
at 206.8 eV (Fig. 7a), whereas on the Ti–35Nb–4Sn, the formation
of the same oxide was  veriﬁed by the Nb3d3/2 peak at 209.6 eV
and Nb3d5/2 peak at 206.9 eV (Fig. 7b) [31,32]. The formation of
SnO2 was also conﬁrmed by the Sn3d5/2 and Sn3d3/2 peaks at 486.5
and 494.8 eV, respectively (Fig. 7c) [31,33]. Based on the HTXRD
patterns, the amount of Nb oxide formed was  greatly reduced,
which is attributed to the oxide’s high chemical stability in ﬂuo-
ride electrolytes compared to TiO2 [34]. According to Minagar and
co-authors, the Nb2O5 layer is able to improve the wear resistance
of Ti-based alloys [28].
During annealing using HTXRD, the diffraction peaks corre-
sponding to the rutile phase showed an increase in intensity,
whereas those corresponding to the anatase phase continuously
decreased in intensity. The complete transformation into rutile was
only observed in nanotubes formed on the CP–Ti and Ti–35Nb alloy
substrates. The volume fraction of anatase and rutile during this
phase transformation can be determined by using the diffraction
peak intensities corresponding to 2 = 25◦ for anatase and 2 = 27◦
for rutile and by applying the equations suggested by Slimen and
co-authors [35]:
fA =
KA × IA
[KA × IA + IR]
(1)
fR =
IR
[KA × IA + IR]
(2)
where fA and fR are the volume fractions of the anatase and
rutile polymorphic phases, respectively, IA and IR correspond to
the diffraction peak intensities of anatase (1 0 1) and rutile (1 1 0),
respectively, and KA is a constant equal to 0.886. Fig. 8 shows the
evolution of the anatase and rutile volume fractions, and the pos-
itions (1) and (3) correspond to the extremes: 100% anatase and
100% rutile, respectively.
The evolution of the volume fractions of anatase and rutile
formed on the CP–Ti (Fig. 8a), Ti–35Nb (Fig. 8b) and Ti–35Nb–4Sn
(Fig. 8c) substrates shows that a mixture of 50% anatase and 50%
rutile, position 2, occurred at 425 ◦C on CP–Ti, at 625 ◦C on Ti–35Nb
alloy and at 800 ◦C on Ti–35Nb–4Sn alloy. In the nanotube layer
formed on CP–Ti, 100% rutile was  observed at 560 ◦C and 850 ◦C
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F iO2 nanotube layers containing a mixture of anatase and rutile on (a and b) CP–Ti, (c and
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fig. 12. SEM micrographs showing the topographic and cross-section views of the T
)  Ti–35Nb and (e and f) Ti–35Nb–4Sn alloys.
n Ti–35Nb alloy. However, 100% rutile was not observed in the
anotube layer formed on Ti–35Nb–4Sn alloy up to 925 ◦C.
To investigate the morphological features of the nanostructu-
ed layer as a function of the content of the anatase and rutile
hases, new samples were prepared based on the evolution of the
natase–rutile transformation presented in Fig. 8. Samples contain-
ng approximately 100% anatase, a mixture of 50% anatase and 50%
utile and nearly 100% rutile were obtained. The samples were held
t the corresponding temperature for a period of 30 min.
The X-ray diffraction patterns of samples containing 100%
natase are shown in Fig. 9. Patterns corresponding to the Ti–35Nb
nd Ti–35Nb–4Sn substrates also show Nb2O5 oxide peaks. Fig. 10
hows topographic and cross-sectional SEM images of the nanotube
ayers with nearly 100% anatase formed on the three substrates
ith their respective thicknesses. The morphological aspects of the
anotube layers in the annealed samples are very similar to those
elated to the amorphous layers. Regarding the layer thickness,
he values measured are also similar to those obtained before the
nnealing heat treatment, close to 240 nm on CP–Ti and between
60 and 990 nm on the Ti–35Nb and Ti–35Nb–4Sn alloys. It was
eriﬁed that the regularity of the nanotubes formed on CP–Ti was
mproved after annealing.
A mixture of anatase and rutile phases was obtained by heat
reatments carried out at 470, 665 and 775 ◦C applied to the
anotubes layer formed on the CP–Ti, Ti–35Nb and Ti–35Nb–4Sn
ubstrates. The respective XRD patterns are presented in Fig. 11. The
nnealing heat treatment employed to crystallize the amorphous
xide layer did not modify the morphology of the TiO2 nanotubes
ormed on the Ti–35Nb and Ti–35Nb–4Sn alloys, as shown in Fig. 12.
Fig. 13. X-ray diffraction patterns of nanotube layers containing nearly 100% rutile
on  CP–Ti, Ti–35Nb and Ti–35Nb–4Sn alloys after annealing heat treatment.
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Nig. 14. SEM micrographs showing topographic and cross-section views of the TiO
e  and f) Ti–35Nb–4Sn alloys.
he reason for why this morphology was maintained is associated
ith the stabilization of the anatase phase due to the additions of
b and Sn. In the case of the CP–Ti substrate, it appears that the for-
ation of rutile in the oxide layer was followed by a slight increase
n nanotube diameter, suggesting the onset of the deterioration of
he nanotube morphology.
Regarding the layer thickness, it was observed that the nano-
ube layers formed on the CP–Ti and Ti–35Nb alloys increased in
hickness to approximately 500 nm and 1400 nm,  respectively, as
hown in Fig. 12b and d. The same phenomenon was  not observed
n the Ti–35Nb–4Sn substrate. When Sn was added, the formation
f the rutile phase was suppressed or retarded and the nanotube
ayer thickness was maintained. This result also suggests that the
ormation of rutile occurs at the nanotube-substrate interface [36].
To promote the complete anatase–rutile phase transformation,
he nanotube layers were annealed for 30 min  at 710 ◦C on CP–Ti, at
30 ◦C on Ti–35Nb and at 925 ◦C on Ti–35Nb–4Sn. According to the
esulting XRD patterns shown in Fig. 13, the rutile structure was
redominately observed in the nanotube layer formed on CP–Ti,
hereas the anatase phase remained stable in the layers formed on
he Ti–35Nb and Ti–35Nb–4Sn substrates. In addition, pronounced
b2O5 peaks were detected by XRD analysis.tubes layers containing nearly 100% rutile: (a and b) Ti–CP, (c and d) Ti–35Nb and
Fig. 14 shows the micrographs of the TiO2 surface layers formed
predominantly by rutile on the CP–Ti, Ti–35Nb and Ti–35Nb–4Sn
substrates. The oxide layer containing rutile that formed on CP-Ti
exhibited peculiar aspects. Although its nanotube arrangement was
completely destroyed and replaced by a layer of fragmented crys-
tals, its thickness was apparently reduced due to the increase in
the rutile volume fraction. In the case of the Ti–35Nb substrate,
the annealing treatment initiated the deterioration process due
to the high content of rutile. However, the layer’s thickness was
maintained at approximately 1500 nm.  Finally, the morphology of
the layer on the Ti–35Nb–4Sn remained comparable to that of the
layer before the heat treatment, suggesting that formation of rutile
causes a loss of nanotube regularity and modiﬁes the layer’s thick-
ness.
4. Conclusions
The effects of Nb and Sn additions to CP–Ti on the formation
of nanostructured TiO2 layers and on their phase transformations
were investigated using high-temperature X-ray diffraction exper-
iments and scanning electron microscopy. According to the results
obtained, the morphology and size of the TiO2 nanotube layers
urface
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re very sensitive to the composition of the substrates. Substrate
eatures play an important role in controlling the kinetics and
emperatures of the amorphous-to-anatase and anatase-to-rutile
hase transformations.
Under annealing heat treatment, the crystallization of TiO2
ormed on CP-Ti occurred at 225 ◦C, whereas the TiO2 formed on
he Ti–35Nb and Ti–35Nb–4Sn substrates showed crystallization
emperatures of 295 ◦C and 390 ◦C, respectively. The anatase-to-
utile phase transformation temperature was also affected by the
ddition of Nb and Sn to CP–Ti. Although the TiO2 formed on CP–Ti
resented the anatase–rutile transition at 400 ◦C, the addition of Nb
esulted in an increase of approximately 120 ◦C in that temperature.
he addition of Sn to the Ti–35Nb alloy was observed to improve
he Nb effect on the stability of the anatase phase. Compared to the
iO2 layer formed on CP–Ti, an increase of approximately 240 ◦C
as detected in the anatase–rutile phase transformation tempera-
ure of the oxide layer formed on Ti–35Nb–4Sn alloy, a signiﬁcant
ncreasing compared with that observed upon the addition of Nb
nly. X-ray photoelectron spectroscopy conﬁrmed the formation of
b2O5 on the Ti–35Nb and Ti–35Nb–4Sn substrates, whereas the
ormation of SnO2 was also conﬁrmed in the anodic layer of the
i–35Nb–4Sn substrate.
The formation of rutile on CP–Ti substrate caused the com-
lete deterioration of the nanotube arrangement. In the case of
he Ti–35Nb substrate, the rutile phase that formed resulted in
he partial deterioration of the nanotube structure. Finally, the
orphology of the anodic layer on the Ti–35Nb–4Sn substrate
emained comparable to that observed before the annealing heat
reatment, which suggests that rutile formation leads to a loss of
anotube regularity.
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